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Abstract
This article describes the generation of elastic shear waves in a soft
medium using a laser beam. Our experiments show two different regimes
depending on laser energy. Physical modeling of the underlying phenom-
ena reveals a thermoelastic regime caused by a local dilatation resulting
from temperature increase, and an ablative regime caused by a partial
vaporization of the medium by the laser. Computed theoretical displace-
ments are close to experimental measurements. A numerical study based
on the physical modeling gives propagation patterns comparable to those
generated experimentally. These results provide a physical basis for the
feasibility of a shear wave elastography technique (a technique which mea-
sures a soft solid stiffness from shear wave propagation) by using a laser
beam.
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When a laser beam of sufficient energy is incident on a medium, the absorp-
tion of the electromagnetic radiation leads to an increase in the local tempera-
ture. Due to thermal effects, displacements occur in the medium, which can then
propagate as elastic waves. Elastic waves within a bulk can be separated into
two components: compression waves, corresponding to a curl-free propagation,
and shear waves, corresponding to a divergence-free propagation [1]. Measures
of the transmission characteristics of compression and shear waves are useful
for inspecting solids, such as a metal, to reveal potential cracks or defects [21].
In biological tissues, induction of compression waves by laser has been studied
with the development of photoacoustic imaging [23]. Elastic waves used in pho-
toacoustic imaging are typically of a few megahertz; at this frequency, shear
waves are quickly attenuated in soft tissues, typically over a few microns, and
only compression waves can propagate over a few centimeters.
While the induction of surface acoustic waves by laser in soft tissues was
recently demonstrated by Li et al. [9], [10], a similar phenomenon with shear
waves in bulk medium has never been described. This is of great interest for the
shear wave elastography technique. As its name indicates, shear wave elastog-
raphy comprises the techniques used to map the elastic properties of soft media
using shear wave propagation [18], [15], [4]. These techniques typically use low
frequency (50-500 Hz) shear waves so that their propagation can be observed
over a few centimeters. The shear waves are currently generated using either
an external shaker or a focused acoustic wave. However, alternative shear wave
generation methods have drawn important attention recently. For example, it
has been demonstrated that one can use natural motion of the medium [8], [24],
the Lorentz force [3], [6], [7] or electrolysed-induced bubbles [14]. Compared to
these generation sources, a laser presents the advantage of being fully remote,
without need of coupling gel; and of being miniaturizable at low cost using an
optical fiber.
In our experiment, illustrated in Figure 1, we used a Q-switch Nd:YAG laser
(EverGreen 200, Quantel, Les Ulis, France) to produce a 10-ns pulse of 10 to 200
mJ energy at a central wavelength of 532 nm in a 5-mm diameter circular beam.
The laser beam was absorbed in a 4x8x8 cm3 black mat phantom composed of
water, 5% polyvinyl alcohol, and 1 % black graphite powder. Two freeze/thaw
cycles were applied to stiffen the material to a shear modulus of 25±5 kPa
[5]. To observe the resulting shear waves, the medium was scanned simultane-
ously with a 5-MHz ultrasonic probe, consisting of 128 elements, connected to
a multi-channeled ultrasound scanner (Verasonics V-1, Redmond, WA, USA),
and placed on the other side of the sample. The probe was acquiring 4000
ultrasound images per second during 30 ms. Due to the presence of graphite
particles, the medium presented a speckle pattern on the ultrasound image.The
computation of displacements along the Z axis (the ultrasound axis) was com-
puted by tracking the speckle spots with the Lucas-Kanade method [12]. This
method solves basic optical flow equations by least squares criterion in a win-
dow of 64*5 pixels centered on each pixel. Displacements over time were then
filtered from 200 to 800 Hz using a 5th-order Butterworth filter and averaged
over four experiments.
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Figure 1: Experimental setup. A laser beam is emitted on a soft medium. This
generates shear waves following (a) thermoelastic and/or (b) ablative regimes.
The medium is observed with an ultrasound probe. A speckle-tracking algorithm
calculates displacements from the ultrasound images.
Figure 2 illustrates the resulting displacement amplitude maps observed
along the ultrasound axis at 1.0, 1.5, 2.0, 2.5, and 3.0 ms after laser emis-
sion for two laser beam energies (10 and 200 mJ). Displacements reached an
amplitude of 0.02 µm for the 10-mJ laser beam and 2.5 µm for the 200-mJ laser
beam. They propagated at a velocity of 5.5±0.5 m.s−1, which is typical for a
shear wave, but far slower than the usual velocity of a compression wave (about
1500 m.s−1 in soft tissues). Shear modulus can then be calculated using the
relationship vs =
√
µ/ρ. Supposing the medium density, ρ, at 1000 kg.m−3
(water density), the propagation velocity corresponds to a shear modulus of
30±5 kPa, which is in the range of the expected value for this phantom. Shear
wave frequency spectrum was centered at 500 ± 50 Hz.
Careful observation reveals several differences in the propagation patterns
of the two laser beam energies. At low energy, first central displacements are
directed towards the outside of the medium (left arrow), and three half cycles are
observed. Conversely, at high energy, first displacements are directed towards
the inside of the medium (right arrow), and only two half cycles can be observed.
Let’s examine now the physical phenomena involved in these experiments.
The optical intensity, I0, of the laser beam is defined as I0 =
1
S
dE
dt , where S is
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Figure 2: Experimental displacement amplitude maps along the Z axis with a
(A)-10 mJ or (B) 200-mJ laser beam, 1.0, 1.5, 2.0, 2.5 and 3.0 ms after laser
emission in the tissue-mimicking phantom. In both cases, direction of the initial
central displacements is indicated in the white circle.
the beam surface and E is the beam energy. When emitted on the surface of
a medium and in the absence of reflection, the laser beam is absorbed with an
exponential decay as a function of the medium depth z: I(z) = I0 exp(−γz),
where γ is the absorption coefficient of the medium. We have experimentally
estimated γ by measuring the fraction of light transmitted through different
slices of the medium (with thicknesses of 0, 30, 50, and 100 µm) with a laser
beam energy-measurement device (QE50LP-S-MB-D0 energy detector, Gentec,
Que´bec, QC, Canada). We found respective transmitted powers of 100%, 42%,
28%, and 11%, which gives γ−1 ≈ 40 µm in our sample as indicated by an
exponential fit.
Absorption of the laser beam by the medium subsequently gives rise to an
absorbed optical energy, γI. Assuming that all the optical energy is converted
to heat, a local increase in temperature occurs. Temperature distribution, T ,
in the absence of convection and phase transition, can be computed using the
following heat equation:
k∇2T = ρC ∂T
∂t
− γI (1)
where k is the thermal conductivity, ρ is the density, C is the heat capacity
and t is the time. Calculating the exact solution to this equation is beyond
the scope of this article, but we can roughly approximate the first and second
terms to be kT/γ2 and ρCT/τ , respectively, during laser emission. Given that
k = 0.6 W.m−1.K−1 (water thermal conductivity), ρ = 1000 kg.m−3 (water
density), C = 4180 J.kg−1.m−3 (water heat capacity), γ−1 ≈ 40 µm and τ =
10 ns, the first term is negligible compared to the second one. Substituting
low-energy experimental parameters (E = 10 mJ, S = 20 mm2) leads to a
maximum increase in temperature of 3 K, which produces a local dilatation of
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the medium. The induced displacements can then generate shear waves, which
constitutes the thermoelastic regime.
To estimate the initial displacement amplitude in this regime, we assumed
the medium as homogeneous and isotropic. As the depth of absorption (about
40 µm) is 100 times smaller than the beam diameter (5 mm), we discarded any
boundary effects. The stress, σzz, is the sum of the axial strain component and
the thermal expansion component [20]:
σzz = (λ+ 2µ)
∂uz
∂z
− 3(λ+ 2
3
µ)α
E
ρCSζ
(2)
where λ and µ are respectively the first and second Lame´’s coefficients, α is the
thermal dilatation coefficient, and ζ is the average depth of absorption. This
equation can be simplified by the fact that in most soft media, including bio-
logical tissues, µ  λ. Moreover, in the absence of external constraints normal
to the surface, the stress across the surface must be zero, i.e. σzz(z = 0) = 0.
This allows the equation 2 to be integrated, giving at the surface a displace-
ment uz = 3αE/(ρCS). Substituting the same experimental parameters used
previously along with α = 70.10−6 K−1 (water linear thermal dilatation coeffi-
cient), we obtain a displacement uz of 0.025 µm. This value is very close to the
measured experimental displacement (about 0.02 µm). Note that both the expe-
rimental and theoretical central displacements are directed towards the outside
of the medium (see white circle arrow in Figures 2-(A) and 3-(A)).
To calculate the propagation of the displacements as shear waves, we must
consider the transverse dilatation. Indeed, the illuminated zone is a disk of 5
mm in diameter with a thickness of about 40 µm (average depth of absorption
along Z axis). The dilatation stress is consequently about two orders of magni-
tude stronger along the transverse direction than along the Z axis: to compute
the displacements along time, we neglected the stress along the Z axis and only
considered the stress in the transverse direction. We modeled thus the thermo-
elastic regime in 2D as two opposite forces directed along the Y axis with a
depth of 40 µm and with an amplitude decreasing linearly respectively from 2.5
to 0 mm and from -2.5 to 0 mm. The magnitude of the force along space and
time is stored in a matrix, Hthermoy (y, z, t). Displacements along the Z axis are
then equal to the convolution between Hthermoy (y, z, t) and Gyz [1]:
Gyz =
cos θ sin θ
4piρr
(
1
c2p
δP − 1
c2s
δS +
3
r2
r/cs∫
r/cp
τδτdτ) (3)
where δP = δ(t− rcp ), δS = δ(t− rcs ), δτ = δ(t−τ), cp and cs are the compression
and shear wave speed respectively, τ is the time, and δ is a Dirac distribution.
The three terms of the equation correspond respectively to the far-field com-
pression wave, the far-field shear wave, and the near-field component.
Using constants ρ = 1000 kg.m−3, cp = 1500 m.s−1 and cs = 5.5 m.s−1
(similarly to experimental measurement), displacement maps along the Z axis
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were calculated 1.0, 1.5, 2.0, 2.5, and 3.0 ms after force application, as illustrated
in Figure 3-(A). The normalized displacement maps present many similarities
to the experimental results displayed in Figure 2-(A), with an initial central
displacement directed towards the outside of the medium, and a propagation of
three half cycles.
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Figure 3: Normalized displacement maps along the Z axis 1.0, 1.5, 2.0, 2.5, and
3.0 ms after laser emission as produced by simulation in a 5 mm disk diameter of
(A) two opposite forces along the Y axis, and (B) a force along Z axis. Applied
forces are illustrated by the violet arrows on the most left end side, and direction
of the initial central displacement by the arrows in the white circles.
Next, we examine the physical characteristics of the other regime observed
in our experiments. Solving the equation 1 with the same experimental param-
eters used previously, but with a laser energy of 200 mJ, we find a maximum
increase in temperature of 60 K, i.e., a maximum medium temperature of about
360 K assuming a room temperature of about 298 K. While slightly below the
vaporization point of our medium, supposed close to 373 K (water vaporization
temperature), its proximity to the water vaporization temperature may be suf-
ficient to vaporize the medium. Indeed, it has been demonstrated that graphite
and other small particles can act as nucleation sites to facilitate the vaporization
of the medium at temperature lower than the vaporization point [2]. A series of
reactions then leads to displacements inside the medium, which generate shear
waves; this constitutes the ablative regime.
To estimate the initial displacement amplitude in this regime, we again as-
sume that the medium was homogeneous and isotropic, and we discard any
boundary effect. The stress, σzz, is now defined as the sum of the axial strain
component and a term given by the second law of motion caused by the reac-
tion of the particles ejected outside the medium upon reaching the vaporization
point [19]:
σzz = (λ+ 2µ)
∂uz
∂z
− 1
ρ
I2
(L+ C(TV − T0))2 (4)
6
where L is the latent heat required to vaporize the solid, and TV and T0 are the
vaporization and initial temperatures, respectively.
By assuming µ λ and a zero stress state at the medium surface, equation
4 leads to a displacement uz = ζI
2/(ρλ(L+ C(TV − T0))2). Using high-energy
experimental parameters, ζ ≈ γ−1 = 40 µm (average depth of absorption), λ =
2 GPa (first Lame´’s coefficient of water), L = 2.2 MJ.kg−1 (vaporization latent
heat of water), and TV − T0 = 373-298 = 75 K, we obtain a displacement uz
of 2.9 µm. Again, this value is in agreement with the experimentally obtained
displacement (2.5 µm). Both theoretical and experimental displacements are
directed towards the inside of the medium (see arrow in the white circle in
Figures 2-(B) and 3-(B)).
To calculate the propagation of the displacement as a function of space and
time, we modeled the ablative regime as a point force directed along the Z axis
with a depth of 40 µm and a constant value from -2.5 to 2.5 mm. The magnitude
of the force was stored in a matrix, Hablaz (y, z, t). Displacements along the Z axis
are again equal to the convolution between Hablaz and Gzz [1]:
Gzz =
cos2 θ
4piρc2pr
δP +
sin2 θ
4piρc2sr
δS +
3 cos2 θ − 1
4piρr3
r/cs∫
r/cp
τδτdτ (5)
with the same notations as presented in equation 3.
Using the physical quantity values previously defined, displacement maps
along the Z axis were calculated 1.0, 1.5, 2.0, 2.5, and 3.0 ms after force ap-
plication, as illustrated in Figure 3-(B). The displacement maps present many
similarities to the experimental results of Figure 2-(B), with initial displace-
ment directed towards the inside of the medium, and propagation of only two
half cycles.
Finally, the dependence of the shear wave amplitude versus laser energy was
quantitatively investigated by increasing the laser beam energy from 10 to 200
mJ. Amplitudes were averaged over four experiments for each energy level and
successive energy levels were randomly chosen to avoid any time-related bias.
In addition, impact location was changed after each laser emission to avoid any
potential local degradation of the medium. Shear wave amplitude was measured
as the mean square amplitude at t = 1 ms of the displacement estimated from
ultrasound images between 0 and 10 mm of the medium surface, which was an
arbitrary location where shear waves demonstrated high amplitudes. Resulting
measurements are illustrated in Figure 4. Two linear dependencies are observed:
one from 10 to 40 mJ, with a slope of 1.05 (R2 = 0.87), and one from 30
to 200 mJ, with a slope of 2.18 (R2 = 0.97). This is in accordance with the
theory that displacement is linearly dependent on energy at low energies, i.e. in
the thermoelastic regime, but quadratically dependent at high energies, i.e. in
the ablative regime. The threshold around 30-40 mJ is specific to our material
characteristics, notably its absorption coefficient.
In the context of shear wave elastography, the thermoelastic regime is a
priori preferred over the ablative regime, because it is not destructive. Even
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Figure 4: Experimentally measured amplitude of the shear wave versus laser
beam power (log-log scale). Two linear dependencies are observed: one from
10 to 40 mJ (slope of 1.05), and one from 30 to 200 mJ (slope of 2.18). Four
displacement maps at t = 2.0 ms are illustrated, for laser beam energies of
10, 30, 80 and 200 mJ. At low energy, a third half cycle is observed, which
disappears when energy increases.
if first shear wave elastography experiments assumed that a displacement of a
few hundred nanometers would be sufficient [16], displacements of the order of
a few micrometers are usually required in practice for ultrasound or magnetic
resonance elastography in biological tissues [17], [13]. This amplitude is higher
than the displacement we observed at 10 mJ (thermoelastic regime), but along
the same order of magnitude of the displacement observed at 200 mJ (abla-
tive regime). For application in human body, the lowest fluence (500 J/m2,
corresponding to a 10 mJ, 5 mm-diameter laser beam) that was used in these
experiments is incidentally 2.5 times above the maximum permissible exposure
for skin (200 J/m2) given by the Z136.1-2007 standard of the American Na-
tional Standard Institute. To overcome this issue, different strategies could be
adopted, including using other types of laser, with higher maximum permissible
exposure; emission of the laser beam onto a protective absorbing layer, such as a
black sheet covering the patient’s skin [10]; or using a higher resolution imaging
technique able to track smaller displacements, such as high frequency (>100
MHz) ultrasound imaging or optical coherence tomography - in this last case
8
however, low penetration depth may lead to the observation of surface acoustic
waves instead of shear waves. Combination with optical coherence tomography
may even lead to a real-time, fully remote, small-scale laser-based technique to
assess a soft solid stiffness [11], [22].
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